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We theoretically investigate the preparation of mid-infrared (MIR) spectrally-uncorrelated bipho-
tons from a spontaneous parametric down-conversion process using doped LN crystals, including
MgO doped LN, ZnO doped LN, and In2O3 doped ZnLN with doping ratio from 0 to 7 mol%.
The tilt angle of the phase-matching function and the corresponding poling period are calculated
under type-II, type-I, and type-0 phase-matching conditions. We also calculate the thermal prop-
erties of the doped LN crystals and their performance in Hong-Ou-Mandel interference. It is found
that the doping ratio has a substantial impact on the group-velocity-matching (GVM) wavelengths.
Especially, the GVM2 wavelength of co-doped InZnLN crystal has a tunable range of 678.7 nm,
which is much broader than the tunable range of less than 100 nm achieved by the conventional
method of adjusting the temperature. It can be concluded that the doping ratio can be utilized as a
degree of freedom to manipulate the biphoton state. The spectrally uncorrelated biphotons can be
used to prepare pure single-photon source and entangled photon source, which may have promising
applications for quantum-enhanced sensing, imaging, and communications at the MIR range.
I. INTRODUCTION
The mid-infrared (MIR) wavelength range (approxi-
mately 2-20 µm) is of great interest to a variety of sci-
entific and technological applications in sensing, imag-
ing, and communications [1, 2]. Firstly, this range con-
tains strong absorption bands of a variety of gases, leads
to essential applications in gas sensing [3] and environ-
mental monitoring [4]. Secondly, the MIR region cov-
ers the atmospheric transmission window between 3 µm
and 5 µm. This region with relatively high transparency
is beneficial for atmospheric monitoring and free-space
communications [5]. Thirdly, room temperature objects
emit light at MIR wavelengths, resulting in novel appli-
cations in infrared thermal imaging [6, 7]. Fourthly, with
the rapid development of optical fiber communications,
there is a growing demand to expand the communication
wavelengths into the MIR region to increase the commu-
nication bandwidth [8].
All these practical applications mentioned above are
based on strong light sources in the MIR region. How-
ever, the advantages of the MIR range have not been
fully exploited using quantum technology. In order to
further improve the sensitivity in those applications, one




or entangled photon source in the MIR region. Spon-
taneous parametric down-conversion (SPDC) is one of
the widely used methods to prepare biphotons, which
can be used to produce single-photon source and entan-
gled photon source. Previously, several theoretical and
experimental works have been dedicated to the develop-
ment of single or entangled photon source in MIR range
from an SPDC process. In 2016, Lee et al. calculated
the extended phase-matching properties of periodically
poled potassium niobate (PPKN) for single-photon gen-
eration at the MIR range [9]. In 2017, Mancinelli et
al. performed coincidence measurements on twin pho-
tons generated from periodically poled lithium niobate
(PPLN) at 3.1 µm [7]. In 2018, McCracken, et al. numer-
ically investigated the mid-infrared single-photon gen-
eration in a range of novel nonlinear materials, includ-
ing PPLN, PPKTP, GaP, GaAs, CdSiP2, and ZnGeP2
[10]. In 2019, Rosenfeld et al. experimentally prepared
MIR photon pairs in a four-wave mixing process from
a silicon-on-insulator waveguide at around 2.1 µm [11].
In 2020 Kundys et al. numerically studied the recon-
figurable MIR single-photon sources based on functional
ferroelectrics, i.e., PMN-0.38PT crystal at 5.6 µm [12]. In
the same year, Prabhakar et al. experimentally demon-
strated the entangled photons generation and Hong-Ou-
Mandel interference at 2.1 µm from PPLN crystals [13].
Many biphoton sources have been demonstrated in the
previous studies [7, 9, 10, 12, 13]; however, from the ex-
perimental point of view, it is still lack of high-quality

























trally uncorrelated biphotons[14–18]. The biphotons gen-
erated from an SPDC process are generally spectrally
correlated due to the energy and momentum conserva-
tion laws. However, it is necessary to utilize biphotons
with no spectral correlations to obtain the heralded pure-
state single photon for many quantum information pro-
cessing (QIP) protocols, such as quantum computation
[19], boson sampling [20], and quantum teleportation
[21], measurement-device-independent quantum key dis-
tribution [22]. In quantum sensing, a high-NOON state,
which provides high accuracy for phase-sensitive mea-
surements, should be prepared from spectrally uncorre-
lated biphotons [23, 24]. Therefore, spectrally uncorrela-
tion of photon pairs from SPDC is indispensable for the
future development of quantum information at the MIR
range.
In this work, we investigate the generation of spec-
trally uncorrelated biphotons from PPLN crystals at
MIR range. PPLN has the merits of large nonlinear coef-
ficient and wide transparency range (0.4 µm∼ 5 µm) [25–
28]. Another unique advantage of PPLN is that its intrin-
sical group-velocity-matched (GVM) wavelengths are in
the MIR range, and the spectrally uncorrelated biphoton
state can be engineered at the GVM wavelengths [14, 29].
In addition, we also consider the manipulation of the
biphoton state by adding different dopants in PPLN. Tra-
ditionally, PPLN is doped with different dopants to im-
prove its properties. For example, by doping Mg and
Zr, the damage resistance can be improved from visi-
ble to ultraviolet region [30]; by doping Zn, the electro-
optical coefficients can be improved [31]; by doping Fe,
the photorefractive properties can be improved [32]. Es-
pecially, doping rare-earth elements (e.g., Tm, Er, Dy,
Tb, Gd, Pr) makes PPLN a right candidate for lasers
and quantum memories [33, 34]. It is natural to de-
duce that doping can also be utilized as a degree of free-
dom to manipulate the single photons state at the MIR
range. Therefore, we study the spectrally uncorrelated
biphotons generation from doped PPLN in this work.
Specifically, we investigated the GVM wavelengths, the
tilt angle, the poling period, the thermal properties and
the HOM interferences of biphtons generated from three
kinds of doped LN crystals, including MgLN [MgO(x
mol%)LiNbO3], ZnLN [ZnO(x mol%)LiNbO3], and In-
ZnLN [In2O3(x mol%)ZnO(5.5 mol%)LiNbO3, with x
from 0 to 7].
II. THEORY












where ω is the angular frequency, â† is the creation
operator, and the subscripts s and i indicate the sig-
nal and idler photon. The joint spectral amplitude
(JSA) f(ωs, ωi) can be calculated as the product of the
pump envelope function (PEF) α(ωs, ωi) and the phase-
matching function (PMF) φ(ωs, ωi):
f(ωs, ωi) = α(ωs, ωi)× φ(ωs, ωi). (2)
A PEF with a Gaussian-distribution can be written as








where ωp0 is the center angular frequency of the pump; σp
is the bandwidth of the pump, and the subscript p indi-
cates the pump photon. The full-width at half-maximum
(FWHM) is FWHMω = 2
√
ln(2)σp ≈ 1.67σp.
If we choose wavelengths as the variables, the PEF can
be rewritten as










where λ0/2 is the central wavelength of the pump; The









The PMF function can be written as






where L is the length of the crystal, ∆k = kp−ki−ks± 2πΛ
and k = 2πn(λ)λ is the wave vector. Λ is the poling period
and can be calculated by
Λ =
2π
|kp − ki − ks|
. (6)
The angle θ between the ridge direction of PMF and the
horizontal axis is determined by [36]
tan θ = −
(
V −1g,p (ωp)− V −1g,s (ωs)







, (µ = p, s, i) is the group
velocity. The shape of the JSA is determined by the
following three GVM conditions [37, 38].
The GVM1 condition (θ = 0
◦):
V −1g,p (ωp) = V
−1
g,s (ωs). (8)
The GVM2 condition (θ = 90
◦):
V −1g,p (ωp) = V
−1
g,i (ωi). (9)
The GVM3 condition (θ = 45
◦):
2V −1g,p (ωp) = V
−1




The purity can be calculated by performing Schmidt de-





where φj(ωs) and ϕj(ωi) are the two orthogonal basis
vectors in the frequency domain, and cj is a set of non-










GVM wavelengths are important parameters for nonlin-
ear crystals. The maximal purities under GVM1, GVM2,
and GVM3 conditions are around 0.97, 0.97, and 0.82, re-
spectively [37].
Note the three GVM conditions in Eqs.(8-10) are also
called fully-asymmetric GVM or symmetric GVM condi-
tions in Ref. [17]. In fact, the spectrally-pure state can
be prepared for any θ angle between 0 and 90 degrees,
independently from the PDC-type (type-0, type-I, or
type-II) and wavelength degeneracy (degenerated or non-
degenerated). Perfectly separable JSA can be achieved
only with Gaussian pump and Gaussian PMF (via do-
main engineering techniques), as proven in Ref. [39].
However, the three GVM conditions listed in Eqs.(8-10)
with the degenerated wavelengths are the most widely
used cases in the experiments [40–42]. Especially, the
GVM3 condition has a symmetric distribution along the
anti-diagonal direction, i.e., f(ωs, ωi) = f(ωi, ωs), which
is the prerequisite condition for high-visibility HOM in-
terferences. Therefore, we mainly focus on the type-II
phase-matching condition in the calculation below.
III. CALCULATION AND SIMULATION
In this section, we first calculate the angle θ in the
range of 0 and 90 degrees, and the corresponding pol-
ing period Λ under type-II, type-I, and type-0 phase-
matching conditions. Then, we consider the thermal
properties, and the HOM interferences for the doped
PPLN crystals under the type-II phase-matching condi-
tion. The Sellmeier equations for these crystals are cho-
sen from Refs. [43–45], where the Sellmeier equations are
parameterized by the dopant concentration. The PPLN
crystals are negative uniaxial crystals (no > ne), where
no(e) is the refractive index of the ordinary (extraordi-
nary) ray.
A. Angle θ and poling period Λ for type-II
phase-matching condition
In the calculation below, we consider type-II phase-
matched (o → o + e) SPDC in a collinear configuration








































































(f) InZnLN-Λ (μm) 14.2 18.414.2 15.4(e) ZnLN-Λ (μm)
























(c) InZnLN-θ (°) 0 90
























(b) ZnLN-θ (°) 0 90
























(a) MgLN-θ (°) 0 90
(d) MgLN-Λ (μm) 14.1 15.4
typeII_dopratio
FIG. 1. (a-c): The tilt angle θ as a function of signal
(idler) wavelength and doping ratio x for MgLN [MgO(x
mol%):LiNbO3], ZnLN [ZnO(x mol%):LiNbO3], and InZnLN
[In2O3(x mol%):ZnO(5.5 mol%):LiNbO3]. (d-f): The corre-
sponding poling period. In these figures, the signal and the
idler photons have degenerated wavelengths under the type-
II phase-matching condition. The solid black line indicates
θ = 45◦.
typeII_nondeg




































































(a) MgLN‐θ (°) 0 90
(d) MgLN‐Λ (μm) 5.0 16.0

















(b) ZnLN‐θ (°) 0 90
5.0 16.1(e) ZnLN‐Λ (μm)

















(c) InZnLN‐θ (°) 0 90
(f) InZnLN‐Λ (μm) 5.9 18.0
FIG. 2. (a-c): The tilt angle θ as functions of the signal wave-
length and the pump wavelength for crystals with fixed dop-
ing ratio, i.e., MgLN [MgO(5 mol%):LiNbO3], ZnLN [ZnO(5
mol%):LiNbO3], and InZnLN [In2O3(5 mol%):ZnO(5.5
mol%):LiNbO3]. (d-f): The corresponding poling period. In
these figures, the signal and the idler photons have the non-
degenerated wavelengths under the type-II phase-matching
condition. The solid black line indicates θ = 45◦, and the
dashed black line indicates λs = 2λp.
with wavelength degenerated (2λp = λs = λi) or non-
degenerated (λs 6= λi). In the type-II phase-matching
condition, we set the pump and the signal as o-ray, and
the idler as e-ray. Figure 1(a-c) shows the tilt angle θ as
a function of the doping ratio (x mol %) and signal/idler
(degenerated) wavelength. For MgLN in Fig. 1(a), on the
line of θ = 0◦, the GVM1 wavelength increased mono-
tonically, i.e., from 2478.6 nm at x = 0 to 2472.7 nm at
x = 7. For θ = 90◦, the GVM2 wavelength increased non-
monotonically from 3931.4 nm (x = 0) to the maximal
value of 4016.6 nm (x = 5), and then decreased to 3961.6
4
nm (x = 7). For θ = 45◦, the GVM3 wavelength also
increased non-monotonically, i.e., increased from 3163.6
nm (x = 0) to 3207.6 nm (x = 5), and then decreased to
3177.1 nm (x = 7).
For ZnLN in Fig. 1(b), on the line of θ = 0◦, the GVM1
wavelength increased monotonically from 2478.6 nm at
x = 0 to 2485.8 nm at x = 7. On the line of θ = 90◦,
the GVM2 wavelength start from 3931.4 nm at x = 0,
and reach a maximal value of 4019.3 nm at x = 6.5, and
then decreased to 4009.0 nm at x = 7. On the line of
θ = 45◦, the GVM3 wavelength is 3163.6 nm, 3213.6 nm,
and 3208.2 nm, at x = 0, 6.5, and 7, respectively.
Crystal Name MgLN ZnLN InZnLN
λGVM1 at 0 mol% (nm) 2478.6 2478.6 2484.3
λGVM1 at 7 mol% (nm) 2472.7 2485.8 2436.9
∆λGVM1 (nm) 5.9 -7.2 47.4
λGVM2 at 0 mol% (nm) 3931.4 3931.4 4006.0
λGVM2 at 7 mol% (nm) 3961.6 4009.0 3342.9
Maximum of λGVM2 4016.6 4019.3 4021.6
∆λGVM2 (nm) -85.2 -87.9 678.7
λGVM3 at 0 mol% (nm) 3163.6 3163.6 3205.9
λGVM3 at 7 mol% (nm) 3177.1 3208.2 2850.4
Maximum of λGVM3 3207.6 3213.6 3213.9
∆λGVM3 (nm) -44.0 -50.0 363.5
TABLE I. Summary of the GVM wavelengths in Fig. 1 at
different doping ratios. The maximal λGVM is achieved at the
doping ratio of 5 mol% for MgLN, 6.5 mol% for ZnLN, and
0.2 mol% for InZnLN. ∆λ is the maximal difference of the
GVM wavelengths.
For InZnLN in Fig. 1(c), the GVM1 (θ = 0) wavelength
decreased monotonically from 2484.3 nm at x = 0 to
2436.9 nm at x = 7. The GVM2 (θ = 90
◦) wavelength
increased non-monotonically: start from 4006.0 nm at
x = 0 and reach a maximal value of 4021.6 nm at x = 0.2,
and then decreased to 3342.9 nm at x = 7. The GVM3
(θ = 45◦) wavelength also increased non-monotonically,
the wavelengths are 3205.9 nm, 3213.9 nm, and 2850.4
nm at x = 0, 0.2, and 7, respectively. Figure 1(d-f) shows
the poling period for each crystal. Λ is 14.1 µm to 15.4
µm for MgLN, 14.2 µm to 15.4 µm for ZnLN, and 14.2
µm to 18.4 µm for InZnLN. For comparison, we also list
the wavelength of GVM1, GVM2, and GVM3 at different
doping ratios in Tab. I. It can be discovered in Tab. I
that the co-doped crystal, InZnLN, has a large tunable
wavelength range of 678.7 nm. This feature is essential
for quantum state engineering at the MIR wavelength
range.
Next, we consider the wavelength non-degenerated
cases for a fixed doping ratio, i.e., MgO(5 mol%):LiNbO3,
ZnO(5 mol%): LiNbO3, and In2O3(5 mol%): ZnO(5.5
mol%): LiNbO3. Figure 2(a-c) shows the angle θ as
a function of the pump and the signal wavelengths for
MgLN, ZnLN, InZnLN, with the same doping ratio of
5 mol%. On the line of θ = 0◦ (θ = 90◦), the signal
wavelength decreases (increases) monotonically with the
increase of the pump wavelength. On the line of θ = 45◦,























































































(b) ZnLN‐θ (°) 0 90

















(a) MgLN‐θ (°) 0 90
(d) MgLN‐Λ (μm) 9.3 21.5
(c) InZnLN‐θ (°) 0 90
(f) InZnLN‐Λ (μm) 47.0 79.0
FIG. 3. (a-c): The tilt angle θ as a function of the signal wave-
length and the pump wavelength for crystals with fixed dop-
ing ratio, i.e., MgLN [MgO(5 mol%):LiNbO3], ZnLN [ZnO(5
mol%):LiNbO3], and InZnLN [In2O3(5 mol%):ZnO(5.5
mol%):LiNbO3]. (d-f): The corresponding poling period. In
these figures, the signal and the idler photons have the non-
degenerated wavelengths under type-I phase-matching con-
dition. The solid black line indicates θ = 45◦, and the dashed
black line indicates λs = 2λp.
type0_nondegMg(5mol)LN;Zn(5mol)LN;In(5mol)Zn(5.5mol)LN





































































(b) ZnLN‐θ (°) 0 90

















(a) MgLN‐θ (°) 0 90
(d) MgLN‐Λ (μm) 13.6 27.7

















(c) InZnLN‐θ (°) 0 90
(f) InZnLN‐Λ (μm) 13.6 27.7
FIG. 4. (a-c): The tilt angle θ as functions of the signal wave-
length and the pump wavelength for crystals with fixed dop-
ing ratio, i.e., MgLN [MgO(5 mol%):LiNbO3], ZnLN [ZnO(5
mol%):LiNbO3], and InZnLN [In2O3(5 mol%):ZnO(5.5
mol%):LiNbO3]. (d-f): The corresponding poling period. In
these figures, the signal and the idler photons have the non-
degenerated wavelengths under type-0 phase-matching con-
dition. The solid black line indicates θ = 45◦, and the dashed
black line indicates λs = 2λp.
the signal wavelength changes non-monotonically. Fig-
ure 2(d-f) shows the corresponding poling period Λ, rang-
ing from 5.0 µm to 18.0 µm for the three crystals.
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(c) Ɵ=45  (GVM3)  


















(a) Ɵ=0  (GVM1) 


















(b) Ɵ=90 (GVM2)  mol% 0 1 2 3 4 5 6 7 
FIG. 5. Three GVM wavelengths of MgLN [MgO(x
mol%):LiNbO3] with different doping ratio x (mol%) at dif-
ferent temperatures.
B. Angle θ and poling period Λ for type-I and
type-0 phase-matching conditions
It is also possible to prepare spectrally pure states un-
der the type I and type-0 phase-matching conditions, as
long as the angle θ is between 0◦ and 90◦. Type-0 and
type-I PDC in PPLN are routinely used in many quan-
tum optics experiments, e.g., in biphoton states gener-
ation and frequency conversion [46, 47]. Figure 3(a-c)
shows the angle θ as a function of the pump and the sig-
nal wavelengths under type-I (e→ o+o) phase-matching
condition. The pump wavelength is in the range of 300-
900 nm and the signal is in the range of 500-5000 nm.
Figure 3(d-f) shows the corresponding poling period Λ,
ranging from 9.3 µm to 79.0 µm. For wavelengths near
the degenerated case, the poling period is larger than
the case of far from the degenerated condition. The Λ of
InZnLN is larger than the values of MgLN and ZnLN.
Figure 4(a-c) shows the case for type-0 (e → e + e)
phase-matching condition. The pump wavelength is in
the range of 600-1500 nm, and the signal is in the range
of 700-5000 nm. The corresponding poling period Λ is
between 13.6 µm to 27.7 µm, as shown in Fig. 4(d-f).
The three crystals have a similar performance under the
type-0 phase matching-condition.
Crystal Name MgLN ZnLN InZnLN
λGVM1 at 20
◦C (nm) 2474.6 2483.7 2450.7
∆λGVM1 20-120
◦C (nm) -2.8 -2.8 -2.8
λGVM2 at 20
◦C (nm) 4019.7 4002.5 3557.3
∆λGVM2 20-120
◦C (nm) 75.9 78.1 87.3
λGVM3 at 20
◦C (nm) 3209.3 3203.8 2960.2
∆λGVM3 20-120
◦C (nm) 39.7 40.5 41.1
ΛGVM1 at 20
◦C (µm) 14.1 14.2 16.6
ΛGVM2 at 20
◦C (µm) 14.4 14.5 16.7
ΛGVM3 at 20
◦C (µm) 15.0 15.1 17.2
References [43] [44] [45]
TABLE II. Comparison of the GVM wavelengths λGVM1(2, 3)
at 20 ◦C, the wavelength difference ∆λGVM1(2, 3) between
20 ◦C and 120 ◦C, and the poling period ΛGVM1(2, 3) under
three GVM conditions for three doped LN crystals: Mg(5
mol%)LN, Zn(5 mol%)LN and In(5 mol%)Zn(5.5 mol%)LN.








































































14.3 15.5(e) ZnLN-Λ (μm)
























(b) ZnLN-θ (°) 0 90
























(a) MgLN-θ (°) 0 90
(d) MgLN-Λ (μm) 14.1 15.4
typeII_temperature























(c) InZnLN-θ (°) 0 90
(f) InZnLN-Λ (μm) 16.6 17.8
FIG. 6. (a-c): The tilt angle θ as functions of signal (idler)
wavelength and temperature for crystals with fixed doping
ratio, i.e., MgLN [MgO(5 mol%):LiNbO3], ZnLN [ZnO(5
mol%):LiNbO3], and InZnLN [In2O3(5 mol%):ZnO(5.5
mol%):LiNbO3]. (d-f): The corresponding poling period. In
these figures, the signal and the idler photons have the degen-
erated wavelengths under type-II phase-matching condition.
The solid black line indicates θ = 45◦, and the dashed black
line indicates λs = 2λp.
C. Thermal properties
In this subsection, we investigate the thermal proper-
ties of the doped PPLN crystals. Temperature is a cru-
cial parameter for quasi-phase-matched (QPM) crystals,
since the phase-matching conditions in the QPM crystals
are mainly controlled by temperature in the experiments.
Using the temperature-dependent Sellmeier equations in
Refs. [43–45], we can calculate the GVM wavelength as
a function of the temperature. We first consider the case
of MgLN with different doping ratios, and then we com-
pare MgLN with ZnLN and InZnLN at a fixed doping
ratio. Figure 5(a) shows the case of GVM1 wavelength,
which increases linearly with the increase of temperature.
When the temperature increases from 20◦C to 120◦C,
the GVM wavelength increases by about 2.8 nm for all
the doping ratio from 0 to 7 mol%. Figure 5(b) and (c)
show the cases of GVM2 and GVM3 wavelengths, which
decrease by about 78 nm and 40 nm respectively when
the temperature increases from 20◦C to 120◦C. By com-
paring Figs. 5(a), (b), and (c), it can be concluded that
the GVM2 wavelength is the most sensitive one to the
temperature increase, i.e., decreases by about 78 nm. In
contrast, GVM1 is not so sensitive, i.e., only increase by
2.8 nm.
Next, we consider the thermal properties of other
doped LN crystals. We compare the case of Mg(5
mol%)LN, Zn(5 mol%)LN, and In(5 mol%)Zn(5.5
mol%)LN in Fig. 6 and Tab. II. The most apparent fea-
ture in Fig. 6 and Tab. II is that the signal/idler wave-
length changes linearly. The wavelength difference be-
tween 20 ◦C and 120 ◦C, ∆λGVM, is almost the same
for three different crystals, i.e., ∆λGVM1, ∆λGVM2, and
6signal wavelength (nm) idler wavelength (nm) p=0.968 Δλ=3 nm L=30 mm Λ=14.1 μm GVM1 (a) signal wavelength (nm) idler wavelength (nm) p=0.963 Δλ=7 nm L=30 mm Λ=14.4 μm GVM2 (b) signal wavelength (nm) idler wavelength (nm) p=0.826 Δλ=1 nm L=30 mm Λ=15.0 μm GVM3 (c) idler Δ=2.0 nm  signal Δ=20.4 nm (d) wavelength (nm) intensity (a.u.) 2450 2460 2470 2480 2490 2500 idler Δ=47.5 nm  signal Δ=4.7 nm (e) wavelength (nm) intensity (a.u.) 3952 3978 4004 4030 4056 4082 idler Δ=4.6 nm  signal Δ=4.6 nm (f) wavelength (nm) intensity (a.u.) 3188 3196 3204 3212 3220 3228 
FIG. 7. The JSA and spectra of biphotons generated from 5
mol% MgO doped PPLN under GVM1, GVM2, and GVM3
conditions. The purity p, the pump bandwidth ∆λ, the crys-
tal length L, the poling period Λ, and FWHM values (∆) are
listed in the figure. Note the blue curve and red curve are
overlapped in (f).
∆λGVM3 are about 2.8 nm, 78 nm, and 40 nm, respec-
tively. This phenomenon implies that the thermal-related
GVM wavelength is not dominated by the doped ele-
ments, but by the main component, LiNbO3. The cal-
culated the poling period of the three crystals at 20 ◦C
are in the range of 14-15 µm, which can be realized with
the current technology. Note that the thermal expansion
of the LN crystals are not considered in the calculation,
since such data are not available in the references.
D. Hong-Ou-Mandel interference
In this subsection, we consider the possible future
applications of the spectrally-uncorrelated biphotons in
Hong-Ou-Mandel interference [48, 49], which is the foun-
dation for many QIP applications such as quantum com-
putation [19], boson sampling [20], and quantum tele-
portation [21]. Figure 7 shows the JSA of the biphotons
generated from 5 mol% MgO doped PPLN under GVM1,
GVM2, and GVM3 conditions. The spectral ranges for
Figs. 7(a-c) are 60 nm, 130 nm, and 40 nm, respectively.
The dimension of each JSA matrix is 200×200. Note
the photon bandwidths shown in Fig. 7 are just exam-
ples. In fact, the bandwidth is strongly dependent on
the pulse duration and the crystal length, and the same
photon purity can be achieved at different combinations
of pump pulse and crystal length. The biphotons un-
der GVM1 and GVM2 conditions (see Fig. 7(a, b)) can
be used for HOM interference between two independent
sources, with a typical experimental setup shown in Refs.
[14, 50]. In the experiment, two signals s1 and s2 are sent
to a beamsplitter for interference and then detected by
two single-photon detectors, while two idlers i1 and i2
are directly sent to single-photon detectors for herald-
ing the signals. The four-fold coincidence probability P4
(a) HOMI (signals) V=96.8% Δ=0.7 ps 0.6 










 0.5 0.4 0.3 0.2 0.1 0 -2 1 0 1 2 (b) HOMI (idlers) V=96.8% Δ=5.2 ps 0.6 










 0.5 0.4 0.3 0.2 0.1 0 -10 5 0 5 10 (c) HOMI (signal+idler) (d) HOMI (signal+idler) 
FIG. 8. (a) and (b) are the HOM interference patterns
using two heralded signal or idler photons from two indepen-
dent PPMgLN crystals, with the JSA shown in Fig. 7(a). (c)
and (d) are the HOM interference patterns at different dop-
ing ratios and different temperatures, using the signal and
idler photons from the same PPMgLN crystal, with the ini-
tial JSA shown in Fig. 7(c). The visibility (V) and FWHM of
the pattern (∆) are listed in each figure.














|f1(ωs1 , ωi1)f2(ωs2 , ωi2)−
f1(ωs2 , ωi1)f2(ωs1 , ωi2)e
−i(ωs2−ωs1 )τ |2,
(13)
where f1 and f2 are the JSAs from the first and the sec-
ond crystals. Figure 8(a, b) are the simulated HOM inter-
ference curves between two heralded signals or two her-
alded idlers from two independent MgLN sources, with
the JSA shown in Fig. 7(a). Without using any narrow
bandpass filters, visibility can achieve 96.8%. It can be
deduced from Eq.( 13) that the visibility, in this case, is
determined by the purity (JSA separability) of the her-
alded signal photons [14]. The bandwidth of the HOM
dip depends on the photon bandwidth, which is deter-
mined by the crystal length and the pulse duration. If
we change the crystal length to be 50 mm, the corre-
sponding HOM dips are 0.64 ps for two signals, and 8.4
ps for two idlers.
The biphotons under the GVM3 condition (see
Fig. 7(c)) can be used for HOM interference between the
signal and the idler photons from the same SPDC source,
with a typical setup shown in [13, 48]. In the experiment,
the signal s and the idler i are sent to a beamsplitter for
interference and then detected by two single-photon de-
tectors. The two-fold coincidence probability P2(τ) as a
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∣∣∣[f(ωs, ωi)− f(ωi, ωs)e−i(ωs−ωi)τ ]∣∣∣2 .
(14)
The green curve in Fig. 8(c) is the simulated HOM inter-
ference pattern between a signal and an idler from the
same Mg(5 mol%)LN crystal at 24.5◦C, with the JSA
shown in Fig. 8(c). Under this condition, the visibility
is as high as 100%. By fixing the poling period and
changing the doping ratio to 4.90 mol%, 4.95 mol%, 5.05
mol%, and 5.10 mol%, the interference patterns oscillate,
as shown in Fig. 8(c). By changing the temperature to
22.5◦C, 23.5◦C, 25.5◦C and 26.5◦C, the interference pat-
terns also oscillate, as shown in Fig. 8(d).
IV. DISCUSSIONS
We notice that LN crystal has several different grow-
ing methods, and each method has a different effect on
the Sellmeier equations. The MgLN, ZnLN, and InZnLN
crystals investigated in the Calculation and Simulation
section were grown using the Czochralski technique from
a congruent melt (mole ratio Li/Nb ≈ 0.942) [43–45]. As
shown in Fig. 1, 0 mol% Zn doped LN (i.e., pure LN)
has the GVM1, GVM2, GVM3 wavelengths of 2478.6
nm, 3931.4 nm , and 3163.6 nm, respectively. In con-
trast, the pure LN grown from the stoichiometric melt
(mole ratio Li/Nb ≈ 1) [54] has the GVM1, GVM2,
GVM3 wavelengths of 2681.0 nm, 4653.6 nm, and 3595.8
nm, respectively. Further, using the Sellmeier equations
from Ref. [55], the pure LN grown from the congruent
melt (mole ratio Li/Nb ≈ 0.937) has the GVM1, GVM2,
GVM3 wavelengths of 2678.5 nm, 4361.7 nm, and 3499.1
nm, respectively. These differences are mainly caused
by different growing methods. In addition, the LN crys-
tal can also be doped with other elements, which also
affect the Sellmeier equations. For example, NdMgLN
crystal (grown by the Czochralski technique from a con-
gruent melt in Ref. [56] has the GVM1, GVM2, GVM3
wavelengths of 2615.3 nm, 4562.5 nm, and 3511.5 nm, re-
spectively. We also investigated ErMgLN and MgTiLN
crystal [57, 58]. However, they do not satisfy the three
kinds of GVM conditions. In this calculation, the maxi-
mal doping ratio we considered is 7 mol%. In fact, this
ratio can still be improved, and we anticipate the wave-
length tunability can be further improved at a larger dop-
ing ratio.
In this work, limited by the available Sellmeier equa-
tions, we only investigate the LN crystals doped with
Mg, Zn, In, and Nd. In the future, it is promising to
explore more LN crystals doped with different chemi-
cal elements and with different doping ratios. Another
promising direction is investigating the spectrally pure
single-photon state generation from doped PPLN waveg-
uide [59–61] or doped PPLN film [62], which has the
merits of higher nonlinear efficiency, easier for integra-
tion and microminiaturization. In Fig. 7, the purities are
0.968, 0.963, and 0.826, respectively, and this purity can
be further improved to near 1 using the custom poling
technique [63, 64].
In the section of Calculation and Simulation, we only
show the configuration of o→ o+ e in the type-II phase-
matching condition. In fact, we also investigate the con-
figuration of e→ o+ e. Although the GVM2 wavelength
under this configuration is in the telecom wavelength, the
effective nonlinear coefficient, unfortunately, is zero. The
reason is analyzed in detail in the Appendix.
For future applications, spectrally uncorrelated bipho-
tons can be used to prepare pure single-photons and en-
tangled photons which can be applied for sensing, imag-
ing, and communication with a quantum-enhanced per-
formance at MIR region. As shown in the section of
Calculation and simulation, all the poling periods of the
doped PPLN crystals are above 5 µm, which can be eas-
ily fabricated using the off-the-shelf technology. So, the
MIR-band single-photon source calculated in the work
is ready for fundamental research and industry applica-
tions, so as to promote the second quantum revolution.
V. CONCLUSION
In conclusion, we have theoretically studied the prepa-
ration of spectrally uncorrelated biphotons at MIR wave-
lengths from doped LN crystals, including MgO doped
LN, ZnO doped LN, and In2O3 doped ZnLN with dop-
ing ratio from 0 to 7 mol%. The tilt angle, poling pe-
riod, thermal properties, and HOM interference of the
biphotons are calculated under type-II, type-I, and type-
0 phase-matching conditions. For 5 mol% MgO doped
LN, the three GVM wavelengths are 2474.7 nm, 4016.6
nm, and 3207.6 nm, and the corresponding purities are
0.968, 0.963, and 0.826, respectively. In the calcula-
tion of the thermal properties, we found that thermal-
related GVM wavelength is not dominated by the doped
elements, but by LiNbO3. When the temperature was
increased from 20 ◦C to 120 ◦C, the three GVM wave-
lengths are increased by about 2.8 nm, -78 nm, and -40
nm, respectively. In the simulation of HOM interference
using the 5 mol% MgO doped PPLN, visibility of 96.8%
was achieved in a HOM interference between two inde-
pendent sources, and visibility of 100% was achieved in
a HOM interference between the signal and idler from
the same SPDC source. The interference patterns oscil-
late by changing the doping ratio or temperature. The
spectrally uncorrelated biphotons can be used to prepare
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APPENDIX : THE EFFECTIVE NONLINEAR
COEFFICIENT
The effective nonlinear coefficient deff for collinear
phase-matching in uniaxial crystals can be deduced as
follow [65].
For o→ o+ e phase-matching condition,
deff(ooe) =








φSφ − dyyyCθC2φSφ + dyyzSθC2φ
−dyxzSθCφSφ + dyxy(CθCφS2φ − CθC3φ).
(15)






φSφ − dxyyC2θC2φSφ + dxyzCθSθC2φ





φ − dyyyC2θCφS2φ + dyyzCθSθCφSφ
−dyxzCθSθS2φ + dyxy(C2θS3φ − C2θC2φSφ)







where Sθ = sin(θ + ρ), Cθ = cos(θ + ρ), Sφ = sinφ,
Cφ = cosφ, and ρ is the walk-off angle. θ is the polar
angle, φ is the azimuth angle, and Z is the optical axis,
as defined in Fig. 9(a). For PPLN under o → o + e or
e → o + e phase-matching conditions, ρ = 0◦, θ = 90◦,
and φ = 90◦, as shown in Fig. 9(b, c). Therefore,
deff(ooe) = dxxz (17)
and
deff(eoe) = dzxz. (18)
The second-order nonlinear coefficient matrix for LNk (a) Uniaxial crystal 
θ 
φ 
k (b) PPLN (o à o+e) 
Pump, Signal 
Idler 
X ( ) 
Y ( ) 
Z ( ) Z ( ) 
Y ( ) 
X ( ) 
k (c) PPLN (e à o+e) Pump, Signal 
Idler 
X ( ) 
Y ( ) 
Z ( ) 
FIG. 9. (a) The general refractive index coordinates for
uniaxial crystals. (b, c) The refractive index coordinate for




 0 0 0 0 dxxz dxxydyxx dyyy 0 dyyz 0 0
dzxx dzyy dzzz 0 0 0

=
 0 0 0 0 d15 d16d21 d22 0 d24 0 0
d31 d32 d33 0 0 0

=
 0 0 0 0 −4.6 −2.2−2.2 2.2 0 −4.6 0 0




deff(ooe) = dxxz = −4.6 pm/V (20)
and
deff(eoe) = dzxz = 0. (21)
Therefore, the configuration of e → o + e does not exist
for PPLN.
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